Topological Dirac semimetals (DSMs) exhibit nodal points through which energy bands disperse linearly in three-dimensional (3D) momentum space, a 3D analog of graphene. The first experimentally confirmed DSMs with a pair of Dirac points (DPs), Na 3 Bi and Cd 3 As 2 , show topological surface Fermi arc states and exotic magnetotransport properties, boosting the interest in the search for stable and nontoxic DSM materials. Based on density-functional theory and dynamical mean-field theory calculations, we predict a family of palladium and platinum oxides to be robust 3D DSMs with three pairs of Dirac points that are well separated from bulk bands. The Fermi arcs at the surface display a Lifshitz transition upon a continuous change of the chemical potential. Corresponding oxides are already available as high-quality single crystals, an excellent precondition for the verification of our predictions by photoemission and magnetotransport experiments, extending DSMs to the versatile family of transition-metal oxides.
I. INTRODUCTION
The Dirac semimetal (DSM) is a new quantum state of matter whose low-energy excitations can be described by massless Dirac fermions with a vanishing density of states at the Fermi level. The prototype of a DSM in two dimensions is graphene [1] , whose conduction and valence bands cross linearly at a node called the Dirac point (DP). Electrons and holes are massless at the DPs, which can be effectively viewed as two-dimensional (2D) Dirac fermions at low energies. With the mushrooming development of topological insulators (TIs) [2, 3] , 1D and 2D Dirac fermions are also realized as topological objects at the edge or surface of TIs, respectively. However, the search for 3D DSMs in bulk materials encounters major difficulties, especially in the presence of strong spinorbital coupling (SOC). Due to the fact that the conduction and valence bands are spin degenerate, they can hybridize and gap out at the DPs. In just the past few years, we have learned that the 3D DPs can be stabilized when these points are protected by additional symmetry that forbids the interband coupling [4] . The 3D DSM phase discovered in both Na 3 Bi [5, 6] and Cd 3 As 2 [7] [8] [9] [10] with one pair of DPs belongs to this class.
The Dirac point can split into two Weyl nodes when the band degeneracy is lifted by breaking either time-reversal symmetry (TRS) or inversion symmetry (IS), leading to the Weyl semimetal (WSM) [11] . These Weyl points always come in pairs that carry opposite chiralities (handedness). One of the hallmarks of WSMs is the appearance of the Fermi arc that connects a pair of two Weyl points with opposite chiralities, as found by recent theoretical [12] [13] [14] and experimental [15] [16] [17] [18] works on the TaAs family. Therefore, the DSM can exhibit double Fermi arcs due to the degeneracy of Weyl points, which has been experimentally observed in * Author to whom all correspondence should be addressed: gangli.phy@gmail.com Na 3 Bi [6, 19] . In addition, WSMs and DSMs usually show unconventional magnetotransport properties [20] [21] [22] [23] [24] [25] , such as the chiral anomaly effect [26, 27] .
So far all the experimentally discovered 3D DSMs exhibit only one specific type of Fermi arc. Important questions arise, such as whether different forms of Fermi arcs in 3D DSMs can coexist and how they interact with each other [28] [29] [30] . Here, we propose a family of palladium and platinum oxides that possesses three pairs of DPs, which demonstrates different types of Fermi arcs in a single system. Many of these compounds are already available in the single-crystal form, which provides an ideal starting point for the systematic study of the novel electronic, thermo, and magnetic properties of Fermi arcs and their interactions. Our work also significantly extends the topological DSMs into the versatile family of transition-metal oxides, which may serve as a robust material playground for the interplay between the 3D DSMs and electronic correlations [31, 32] .
II. ELECTRONIC STRUCTURE AND TOPOLOGICAL NATURE
Here we investigate theoretically one of the most widely studied phases of noble-metal oxides, AB 3 O 4 (A = Li, K, Na, Mg, Ca, Sr, Ba, Zn, and Cd; B = Pd and Pt) with space group P m3n (No. 223), as shown in Fig. 1(a) . The palladium/platinum atoms at the corner of the cubic cell are located between four coplanar oxygen ions, forming cornersharing PdO 4 and PtO 4 tetragons. We calculate the electronic structure of Pd (Pt) AB 3 O 4 with SOC density-functional theory (DFT). Specifically, we use the full-potential linearized augmented plane-wave method [33, 34] with the modified Becke-Johnson exchange potential [35] to account for the correlation effect. The calculations are further confirmed by employing DFT+U and DFT+ dynamical mean-field theory [36] [37] [38] (DMFT) functionals. We use K max RMT = 9.0 and a 10 × 10 × 10 k-mesh for the ground-state calculations, where RMT represents the smallest muffin-tin radius and K max is the maximum size of reciprocal-lattice vectors. The surface electronic structures are further calculated using the maximally localized Wannier functions (MLWFs) [39] employing the WIEN2WANNIER [40] interface. Figure 1 (c) displays the electronic structure of SrPd 3 O 4 with the corresponding 3D Brillouin zone (BZ) shown in Fig. 1(b) . As can be clearly seen, there is a linear band crossing, i.e., a DP, at the Fermi level between X and , featuring the system a Dirac semimetal. There are six equivalent X points in these systems, and the DPs between X and thus form three pairs located at k x , k y , and k z axes, respectively. This is similar to the cases of Cu 3 NX, with X = {Ni, Cu, Pd, An, Ag, Cd} [41] [42] [43] , where the three pairs of DPs are located around the R point instead with the Fermi surfaces less well separated from the bulk bands. As we will see later on, the DPs in our compounds also display completely different topological surface states. In the inset of Fig. 1(c) , a 3D plot of the highest valence and the lowest conduction bands for the k z = 0 plane is shown, where the two pairs of DPs at the k x and k y axes can be clearly seen.
We find that, in addition to the TRS and IS, these DPs are protected by the fourfold screw rotation symmetrỹ C 4 [4, 28, 44, 45] . These screw axes are simply the Pd-Pd (Pt-Pt) chain at each surface of the crystal. Due to the protection from the screw axes symmetries, the DPs in palladium (platinum) oxides AB 3 O 4 are stable against disorders. Strain applied to the z direction breaks the screw axes symmetry at the x and y directions, and an energy gap at the k xy plane can then be opened (not shown), leaving the system with only a single pair of DPs at the k z axis. It is also possible in principle to trigger a phase transition from DSM to strong TI by gaping out the DPs at all three axes.
Furthermore, we find that the DSM phase discovered in AB 3 O 4 is topologically nontrivial, which is manifested by the Pd (Pt) d x 2 −y 2 and d z 2 band inversion at as shown in Fig. 1 
(d).
The inverted band structure leads to another marvellous phenomenon in these topological DSMs-the appearance of topological edge states (TESs) at the edge of a 2D cut of the 3D BZ [46] . This serves as additional independent proof for the topological nature of these systems. In Fig. 1 
where 
, from which we immediately see that there is one pair of DPs on each axis at k c = ± √ B/C, which is consistent with the ab initio calculations.
III. FERMI ARCS AND LIFSHITZ TRANSITION
Topological DSMs host nontrivial open Fermi surfaces connecting opposite chiral charges. In the Pd and Pt oxides proposed in this work, we discover multiple pairs of DPs. Each DP can be viewed as two copies of Weyl nodes with opposite chiral charges. Fermi arcs may appear and connect one positive Weyl node with one negative Weyl node. In principle, any positive Weyl node can be connected to any other negative Weyl node in the system. Therefore, the question of how the opposite chiral charges among these DPs are connected by Fermi arcs naturally arises. Here, we choose the (001) surface to answer this question, and we demonstrate that two different types of Fermi arcs coexist in these systems, which has not been reported before in the literature.
Before discussing the detailed Fermi arc pattern, we provide a simple argument on the possible constraints. For the Pd and Pt oxides AB 3 O 4 , the (001) surface remains unchanged under the C 2 rotational symmetry and mirror symmetry, i.e., (x,y,z) − → (x,−y,z). In momentum space, the two DPs along the k z axis project to the same surface point, while only the other two pairs of DPs located at the k x and k y axes remain separated on the (001) surface. The Hamiltonian of the Fermi arcs H arc for these two pairs of DPs transforms under these two symmetries as
Together with the necessity that a Weyl node with negative chirality connects to a Weyl node with positive chirality, this allows us to identify the four possible types of Fermi arcs illustrated in Figs. 2(a)-2(d) . Here, the Fermi arcs with the same color transform onto each other under C 2 and mirror symmetry. In Fig. 2(a) , the two DPs along the same axis are connected by two Fermi arcs. These are the ordinary Fermi arcs observed also in Na 3 Bi [6, 19] . But since we have more than one pair of DPs, the intersection of two ordinary Fermi arcs can hybridize and deform into the other types. This is confirmed by our direct calculation of the surface states shown in Fig. 2(e) , which implies that the Pd and Pt oxides AB 3 O 4 host the Fermi arcs shown in Figs. 2(c) and 2(d) . In the middle panel of Fig. 2(e) , we plot the topological surface states along two high-symmetry paths → X and → M. The bands with stronger intensity (red) are at the surface, while the shadow bands in the background are of bulk character. The bulk valence and conduction bands touch at the nodal point between and X, featuring the 3D DPs at the k x and k y axes. As is clearly shown, there are topological surface states connecting the bulk valence and conduction bands and they behave differently along the two chosen high-symmetry paths.
On the left-and right-hand sides of Fig. 2 (e), plots of Fermi arcs in the entire 2D surface BZ at eight chosen binding energies are shown. As the axis of the bulk Dirac cone is tilted, its intersection with the constant energy plane displays an elliptic shape, which is indicated in yellow in these plots. At the Fermi level, Fermi arcs display a Fig. 2(c) -type pattern. This corresponds to the same type of Fermi arcs observed already in Na 3 Bi. On top of this we observe, however, additional Fermi surface around the DPs at the k x axis connecting the two opposite chiral charges from the same DP. These two Fermi surfaces are symmetric with respect to the surface point and k y axis. Let us emphasize that these are different Fermi arcs as compared to the ones parallel to the k y axis. They are isoenergy projections of the Riemann surface states recently proposed in Ref. [30] , which distinguishes these from the ordinary Fermi arcs, as the latter stay always separated in the surface BZ. Continuously decreasing the chemical potential significantly modifies the Fermi surfaces connecting the opposite chiral charges at each DP at the k x axis, while the Fermi arcs connecting the two DPs at the k y axis remains topologically unchanged.
We note that the shrinking of the Fermi arcs results from the intersection of the helicoid and the antihelicoid Riemann surfaces along the k x axis at the Dirac cone. The intersection of them always appears at the k x axis, which is required by the C 2 rotational symmetry and mirror symmetry preserved on this surface. Unlike WSMs, the Fermi arcs in 3D DSMs are not stable against symmetry-allowed perturbations. They can be continuously deformed into other forms without breaking any symmetry [28] [29] [30] . Indeed, by further decreasing energy, we observe a Lifshitz transition of the Fermi surface, which is shown on the right-hand side of Fig. 1(e) . Here, two types of Fermi arcs now merge into one single type of Fermi arc shown in Fig. 1(d) , e.g., the opposite chiral charges located at k c x and k c y are now connected by one open Fermi surface. Under C 2 rotation and mirror symmetries, altogether four copies of it show up in the entire 2D surface BZ forming a diamond shape structure. Note that the detailed shape of the Fermi arcs in these compounds depends on the surface termination and reconstructions; in reality, the latter may modify the shape of the Fermi arcs discussed in this paper. However, the Dirac SM nature of the proposed compounds is always free of surface effects as it is fully determined by the corresponding bulk property. Hence there should always be topological states connecting different DPs. Since these DPs are all at the Fermi level, as long as these topological states are not masked by the bulk states (as observed in our calculations), changing the energy level results in a continuous change of the Fermi surface shape due to the curvature of these topological states.
IV. ELECTRONIC CORRELATIONS
Before closing, we want to further comment on the possible influence of electronic correlations in these compounds. The 4d and 5d compounds proposed in this work are subject to electronic correlations. It is known that conventional DFT calculations usually fail for correlated systems. To amend this problem, we have applied the mBJ exchange potential in our calculations. Here we further provide affirmative evidence on the Dirac semimetal nature of these compounds in Fig. 3 . We determined the bulk electronic structure of SrPd 3 O 4 also from DFT+U [ Fig. 3(a) ] and more sophisticated DFT+DMFT [ Fig. 3(b) ] calculations. For the latter, we used the embedded-DMFT [49] (version 2015) with density-density interaction at inverse temperature βt = 50 and projector 4. In both calculations, U = 3.76 and J = 0.8 are used for Pd d orbitals as obtained from a cRPA calculation [50] . Despite the spectra broadening from the self-energy and the slight modifications in the high-energy sector in the DFT+DMFT, both methods consistently confirm the conclusion shown in Fig. 1 that the correlated compound SrPd 3 O 4 is a Dirac SM. This is not surprising as the DPs in these system are protected by TR and the rotational symmetries. As long as they are not broken by interactions, the semimetal phase as well as the associated Lifshitz transition will survive. To prove the latter, we further show the bulk DPs and the topological surface states calculated with the DFT+U functional in Fig. 3(c) , which are similar to those in Fig. 2 from DFT+mBJ calculations. The detailed curvature of the topological surface states is modified, while the Lifshitz transition is still present upon changing the binding energies; see Fig. 3(c) .
Another appealing feature of electronic correlations in transition-metal oxide (TMO) DSMs is that, as is known, the long-range Coulomb interaction can relax the transportation of electrons, leading to a logarithmic correction to their linear resistivity in semimetals, which may explain the transport anomaly observed in SrPd 3 O 4 and CaPd 3 O 4 . The resistivity of SrPd 3 O 4 and CaPd 3 O 4 remains finite for T → 0 and decreases with increasing temperature (shown as symbols in Fig. 4) . This is clearly different from the experimentally confirmed DSMs, i.e., Cd 3 As 2 and Na 3 Bi, which display a clear metallic behavior with a tiny resistivity at zero temperature [20, 53] [52] , which successfully explains the low-temperature resistivity anomaly of this compound. We find that the experimental data of SrPd 3 O 4 and CaPd 3 O 4 can also be fitted by a similar resistivity expression [51] ; see the lines in Fig. 4 . If this mechanism is confirmed, the emergence of a Dirac semimetal phase in TMO will provide a beautiful platform for studying novel transport properties of topological materials in the presence of electronic correlations.
V. CONCLUSION
In conclusion, our systematic study regarding the electronic structure of palladium and platinum oxides AB 3 O 4 with space group P m3n establishes this family of materials to be the first TMO family that hosts multiple pairs of DPs in one system. The coexistence of different forms of Fermi arcs further distinguishes them from other DSMs discovered so far. We observe Fermi arcs of different shapes, as well as a Lifshitz transition between them. This Lifshitz transition occurs upon changing the binding energy in our calculations, but as a matter of course it can be equivalently triggered by changing the chemical potential. Experimentally this is feasible by a gate electrode or doping the systems. Hence we have a material where the topological properties can be tuned dramatically. This in turn affects, e.g., quantum oscillation measurements. Due to the availability of clean single crystals, the rich and striking features of this family of materials makes it an ideal platform to experimentally study multiple DPs and the interaction of their open Fermi surfaces. Our theoretical proposal provides an ideal playground for studying the interplay between electronic correlation and nontrivial topology in 3D Dirac SMs. It also paves the way for a future experimental study of the electronic, transport, and spectroscopic properties. Fig. 2(e) ], which can be observed in, for example, angle-resolved photoemission spectroscopy.
